Programmed −1 ribosomal frameshifting is an alternate mechanism of translation used by coronavirus to synthesize replication proteins encoded by two overlapping open reading frames. For some coronaviruses, the mRNA cis-acting stimulatory structures involved in this process have been characterized, but their precise contribution to ribosomal frameshifting is not completely understood. Recently, a novel coronavirus was identified as the causative agent of the severe acute respiratory syndrome. This review describes the mRNA motifs involved in programmed −1 ribosomal frameshifting in this virus.
Introduction
Until recently, it was assumed that the standard mechanisms of protein synthesis were quite universal. Nevertheless, we now recognize that the genetic readout can be extended using alternate mechanisms of translation such as programmed −1 ribosomal frameshifting. This mechanism of translation has been described more frequently in viruses and prokaryotes, although a more widespread involvement in lower and higher eukaryotes seems also probable.
To date, animal viral pathogens described to use programmed −1 ribosomal frameshifting include the families Retroviridae, Astroviridae, Flaviviridae and Coronaviridae. Lately, a novel coronavirus was identified as the causative agent of the SARS (severe acute respiratory syndrome). From the study of its genome sequence, it is predicted that this virus uses −1 ribosomal frameshifting to translate enzymes involved in replication and RNA processing [1, 2] . In the present review, we describe the cis-acting mRNA motifs involved in programmed −1 ribosomal frameshifting in SARS-CoV (SARS coronavirus) and discuss the implications of these structures as a potential antiviral target. frameshifting. Both polyproteins are synthesized directly from the genomic RNA and cleaved by two ORF 1a-encoded viral proteinases (papain-like proteinase and 3C-like cysteine proteinase) to release 16 non-structural proteins [3, 4] . Distinctively, segment 1b of the polyprotein 1a/1b is cleaved into five different products [5] predicted to be involved in replication and RNA processing {putative RNAdependent RNA polymerase, putative 3 to 5 exonuclease, putative poly(U)-specific endoribonuclease, putative 2 -Oribose methyltransferase [4] and superfamily 1 helicase [3]}. Thus programmed −1 ribosomal frameshifting is required for the translation of the segment 1b and, therefore, the production of new viral particles. Additionally, 13 ORFs downstream of 1a/1b encode the spike (S), envelope (E), membrane (M), nucleocapsid (N) and nine putative proteins, predicted to be translated from eight subgenomic mRNAs synthesized through a discontinuous transcription process [3, 4] (Figure 1 ).
SARS-CoV genome

Programmed −1 ribosomal frameshifting
Programmed ribosomal frameshifting involves ribosomes shifting during elongation to an overlapping reading frame in response to mRNA-stimulatory structures. Thus the downstream stop codon is avoided and a fused protein is translated at a defined ratio that can range from 1% to at least 50%. Ribosomal changes in reading frame can occur in either the 5 (−1) or the 3 (+1) direction. Both kinds of slippage have been described in lower and higher organisms. Specifically, −1 ribosomal frameshifting has been recognized more frequently in RNA viruses, although examples have been documented in an increasing number of systems, including bacterial insertion sequences, prokaryote genes and at least one gene from eukaryotes (reviewed in [6, 7] ). Currently, the mechanism of −1 ribosomal frameshifting stimulation is unknown. Extensive mutational analysis has shown that two cis-acting mRNA signals are essential for this process. First, a 'slippery' heptamer sequence (XXXYYYZ), which has been proposed as the segment where tRNAs ORFs 1a and 1b are depicted. Arrows represent the cleavage sites for the papain-like proteinase (white) and the 3C-like cysteine proteinase (grey). ORFs encoding the spike (S), envelope (E), membrane (M) and nucleocapsid (N) structural proteins are indicated. ORFs X1-X9 encode nine putative proteins in the intergenic regions between S and E (two products) and M and N (seven products). The expanded view shows the overlapping region between ORFs 1a/1b and the segment where −1 ribosomal frameshifting (−1 RFS) is predicted to occur. dissociate from the mRNA and repair to another codon in an overlapping reading frame. Secondly, a 3 -stimulatory structure that generally starts 5-9 nt downstream of the heptanucleotide motif. In some systems, the stimulatory structure has been described as an mRNA stem loop, but in most cases it is an mRNA pseudoknot as first recognized in studies on the coronavirus IBV (infectious bronchitis virus) [8] . Several models have been proposed to explain −1 ribosomal frameshifting stimulation by pseudoknots. Although these structures induce ribosomal pausing, which could increase the slippage of ribosome-bound tRNAs, the presence of pseudoknots that can pause ribosomes and do not induce ribosomal frameshifting efficiently indicates that this is not sufficient. Other models suggest that pseudoknots might act as binding sites for cellular proteins, but no specific factor has been identified so far (reviewed in [9] ). Important progress has been achieved in the field in recent years, including the publication of atomic structures of frameshifting stimulatory pseudoknots. Nevertheless, additional structural and functional studies, especially of mutant pseudoknots, are necessary to provide more insights into the mechanism of −1 ribosomal frameshifting.
SARS-CoV −1 ribosomal frameshifting signal
Programmed −1 ribosomal frameshifting in coronaviruses was first demonstrated in IBV, where a 'slippery' sequence of the type UUUAAAC and a H-type pseudoknot are sufficient for inducing translation of the segment 1b of the polyprotein 1a/1b [8] . Further studies in other coronaviruses have confirmed the presence of related structures [10, 11] . Recently, the SARS-CoV genome was shown to encode an mRNA segment that induces −1 ribosomal frameshifting [3] . We have shown, using a plasmid reporter encoding a segment of the overlapping SARS-CoV ORFs 1a/1b (nt 12 725-14 522, isolate Tor2), where the synthesis of the downstream protein (encoded by the segment 1b) is dependent on −1 ribosomal frameshifting, that translation of a fused 1a/1b product occurs with an efficiency of approx. 27% in vitro. This proportion is similar to the 18-40% reported for other coronaviruses (i.e. IBV, murine hepatitis virus and human coronavirus 229E [8, 10, 11] ). Furthermore, after comparing deletion mutants encoding truncated segments 1b, we have demonstrated that the SARS-CoV frameshifting signal is minimally composed of a UUUAAAC 'slippery' sequence and a stimulatory structure not longer than 80 nt. Modelling based on nearest-neighbour interactions and chemical and enzymic structure mapping suggests that the 'slippery' sequence is followed by a singlestranded spacer region of 5 nt and a stimulatory structure that could fold into a novel pseudoknot. This pseudoknot is composed of two stacked stems (S1 and S2) connected by a single-stranded loop (L1) and a large stem-loop of 28 nt (SL1) (F. Dos Ramos, M. Carrasco, T. Doyle and I. Brierley, unpublished work). This structure partially resembles those reported for group 2 (murine hepatitis virus) and group 3 (IBV) coronaviruses, whereas it differs from those reported for group 1 coronavirus (human coronavirus 229E), where a more 'elaborated' pseudoknot has been proposed [8, 10, 11] (Figure 2) .
Currently, no atomic structure has been published for any of the coronavirus 1a/1b ribosomal frameshifting pseudoknots. However, mutational analysis in IBV has identified essential elements for the −1 frameshifting process. For example, it is known that changes in the sequence or short deletions in the large loop L2 do not influence the induction of ribosomal frameshifting [12] . On the other hand, slight reductions in either total length or number of paired GC residues at the base of the stem S1 decrease the frameshifting stimulatory activity [13] . Similar to IBV, SARS-CoV pseudoknot conserves a stem S1 with GC paired residues at the base, which suggests that this region is probably important for ribosomal frameshifting in this virus. Notably, SARS-CoV pseudoknot is also distinguished by a stem-loop SL1 with a proximal double-stranded segment that is not present in other characterized coronavirus 1a/1b pseudoknots ( Figure 2) . A systematic analysis on the impact of mutations on this SL1 is required to understand the function of this type of pseudoknot. Most importantly, the primary structure of this frameshifting signal is highly conserved, as indicated by comparison of 105 SARS-CoV sequences (including animal isolates), where mutations of 1-2 nt (localized within SL1 or S2 of the pseudoknot) are only present in two isolates (ZJ01 and GD69).
Considering that −1 ribosomal frameshifting is exploited by SARS-CoV for synthesis of the replication-transcription complex and that the 1a/1b ribosomal frameshifting signal is highly conserved, we have proposed that this mRNA structure is a potential target for drug design. In support of this, some domains of this motif, such as the 'slippery' sequence and the stem S1 of the pseudoknot, are segments expected to resist mutation due to selective pressure. Indeed, studies of IBV ribosomal frameshifting have shown that variations in either length or nucleotide content of these regions produce important modifications in the efficiency of ribosomal frameshifting [13, 14] , which would probably prove to be deleterious for the virus. Additionally, the development of escape mutants could be reduced by targeting different motifs of this structure. Along with the 1a/1b polyprotein proteolytic processing, −1 ribosomal frameshifting is also a mechanism that could be targeted to inhibit simultaneously the production of more than one viral protein. Experimental evidence in other viruses (i.e. HIV) has shown that the ratio of structural and enzymic proteins translated by programmed −1 ribosomal frameshifting is critical for RNA dimerization and viral infectivity [15] . Thus a drug aimed at modulating this process could have application as an antiviral agent.
